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Abstract.  
The increasing world population has led to higher demand for protein source; Fish is a very good source of 
protein for humans. Hence, the need for more farmed fish. The aquaculture industry has been recognized as the 
fastest growing food production system globally, with a 10% increase in production every year. It is also one of 
the sustainable and reliable growth market for manufactured feed. This study was carried out to optimize cost 
and environmental performance in the production of aquaculture feed for small scale producers. Techno-
economic analysis (TEA) and Life-cycle assessment (LCA) were tools for the analysis. In this study, the cost 
assessment and environmental assessment will be analyzed for the production of fish meal diet (0.01ton per 
diet); using a single screw extruder at three different scenarios (10ton/y, 100ton/y, 1000ton/y), The key results 
for this study and trial will be presented and discussed. Aquatic feed producers can use this tool to evaluate their 
annual cost, energy consumption and emissions. 
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INTRODUCTION 
The worldwide decline of ocean fisheries stocks has provided impetus for rapid growth in fish farming 
or aquaculture (Naylor et al., 2000). Aquaculture is an intensely expanding sector of agriculture and it 
is one of the most rapidly growing markets for manufactured feeds (Riaz, 1997). As reported by Lapere 
(2010), the global declining of fish catch coupled with the increasing demand for fish made the prospect 
of aquaculture sectors very bright. Global aquaculture production attained another all-time high of 90.4 
million tonnes (live weight equivalent) in 2012 (US$144.4 billion), including 66.6 million tonnes of food 
fish and 23.8 million tonnes of aquatic algae, with estimates for 2013 of 70.5 million and 26.1 million 
tonnes respectively (FAO, 2014). As the human population continues to expand beyond 6 billion, its 
reliance on farmed fish as an important source of protein will also be on the increase (Naylor et al., 
2000). Historically, the aquaculture industry has relied on fish meal and fish oil as the main sources of 
protein and essential fatty acids for fish diets (Drew et al., 2007). Fish feed manufacturing is considered 
one of the most reliable and sustainable industry in feed production (Rosentrater et al., 2009a).  
Extrusion technology is commonly used to produce fish feeds, since physical properties, such as water 
stability, durability, hardness, oil absorption capacity and buoyancy control, usually are improved 
compared to steam pelleted diets (Sørensen et al., 2009). The process of extrusion helps with the 
improvement in the nutritional and physical properties of the fish feeds (Davis and Arnold, 1995; Cheng 
et al., 2003).  
Extrusion Processing  
Extrusion processing is one of the most versatile and energy-efficient processes in food production 
(Dziezak, 1989). Due to potential improvements in feed quality and cost-effectiveness of the final 
products, extrusion technology has become accepted in aquatic feed processing (Davis and Arnold, 
1995). Extrusion is a readily controllable process where temperature, time (to so extent), moisture 
content and the degree of physical damage can all be manipulated; the net result of this is that a very 
high quality product can be produced when the extrusion process is handled properly (Riaz, 2007). 
Extrusion cooking is defined as a high-temperature-short-time (HTST) cooking process, which involves 
the cooking of ingredients in the extruder barrel, with combination of high pressure heat and friction. 
The extruded materials exit through a die which is designed to produce highly expanded, low-density 
products with unique physical and chemical characteristics (Robinson, 1991; Pansawat et al., 2008). 
During the extrusion process, heat and shear facilitate hydration of starches and proteins, both 
classified as structure-forming materials; starch and protein are turned into a melt where droplets of 
water are entrapped (Guy, 2001; Sørensen et al., 2009).  
According to Bjiirckt and Asp (1983) extrusion cooking may have both beneficial and undesirable 
effects on nutritional value; beneficial effects include destruction of anti-nutritional factors and 
gelatinization of starch, the undesirable effect happens from the reactions between protein and sugars 
which reduces the nutritional value of the protein. One of the critical factors during extrusion cooking 
is the prevention of over or under processing, since either will reduce the nutritional value (Riaz, 2007). 
Types of Extrusion 
Generally, extrusion is categorized according to screw types; single screw and twin screw extruders. 
Single screw extruders are an attractive option for many application due to low capital investment, low 
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manufacturing cost, low maintenance, simplicity in design, and straightforward operation (Kim and 
Kwon, 1996). A typical single screw extruder is usually comprised of three main zones: feed metering, 
compression zone, and a die for shaping (Previdi et al., 2006). It relies on drag flow to move the 
material down the barrel and develops pressure at the die (Kelly et al., 2006). Material enters from the 
feeder and moves in a channel toward the die when a screw rotates inside the barrel (Kim and Kwon, 
1996). 
The twin-screw extruders are classified according to the direction of screw rotation as either counter-
rotating or co-rotating (Ayadi et al., 2011). Twin-screw extruders can process materials with different 
moisture contents and different viscosities (Hsieh et al., 1990). The feed rates of twin-screw extruders 
are independent of screw speed and are not influenced by pressure flow caused by restriction at the 
die (Altomare and Ghossi, 1986). 
In the manufacture of feed for aquaculture, the twin-screw extruder is often preferred over single screw 
extruder because it (twin-screw) has the ability to handle wet materials, oily or sticky ingredients, also 
viscous materials with different levels of composition over a wide range of particle sizes (Cheng et al., 
2003; Chevanan et al., 2007). Another advantage of twin-screw extruder over single screw extruder is 
the ability to produce floating feeds, which helps prevent excess feeding and are easy to handle; they 
are often preferred by aquaculture farmers to sinking feeds (Cheng and Wang, 1999). In this study, 
TEA and LCA will be carried out to optimize cost and environmental performance in the production of 
aquaculture feed for small scale producers. 
METHOD 
Techno-Economic Analysis  
Techno-economic analysis (TEA) can be defined as a systematic analysis used to evaluate the 
economic feasibility aimed to recognize opportunities and threats of projects, taking into account the 
capital, variable (operational), and fixed costs (Simba et al., 2012), as well as  benefits. Fixed and 
annual operating costs are critical parameters in TEA, and are key factors for cost estimation, project 
evaluation, and process optimization (Marouli and Maroulis, 2005). The TEA in this study was 
conducted using a spreadsheet (MS-Excel) to determine the cost of extrusion processing for aquatic 
feeds.  
This economic cost analysis calculations was divided into capital, variable and fixed costs. The cost 
incurred for purchase of equipment, installation/electrical works, feed ingredients cost, labor costs, 
maintenance and repair costs and other miscellaneous supply costs were categorized as variable 
costs. Fixed costs are those costs associated with depreciation, insurance, interest, overhead, and 
taxes. In this study, three feed production rate (10 tons/year, 100tons/year, and 1000 tons/year) were 
evaluated for the TEA. 
Life-Cycle Assessment 
Life-Cycle Assessment (LCA) is defined as a tool for evaluating environmental effects of a product, 
process, or identifying and quantifying energy, material used, and waste released into the environment; 
it is known as a ‘from cradle to grave analysis’ (Roy et al., 2009; Walker et al., 2011; Hospido et al., 
2003). LCA is a recognized procedure for assessing Greenhouse gas emissions of different products 
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from ethanol production to food production to grain storage (Feng et al., 2008). The main goal of LCA 
is to improve production, assess environmental performance indicators, help decision-making and 
market claims (Tillamn, 2000). 
Results and Discussion 
Capital Cost 
Capital costs are the most important cost in plant establishment and construction; they are the initial 
investment cost put into the plant (Rashid et al., 2014). In this study the capital cost considered were 
the cost of purchasing the equipment for aquafeed production. It was assumed that the building was 
already in place. The cost of the equipment was obtained from a Chinese manufacturing company 
(Jnsunward Machinery Co. Ltd). There was decrease in the annualized capital cost as the output 
increased, 3118.52$/ton/y, 324.26$/ton/y, 42.666$/ton/y for the production output of 10ton/y, 100ton/y, 
1000ton/y respectively as shown in Figure 1. This trend was the same as obtained by Rashid et al 
(2014), there was increase in the capital cost as the production rate increased. The capacity required 
to produce more increases as rate increases. 
Fixed Costs and Depreciation  
Fixed costs are constant costs and independent of production rates (Pearlson, 2011). It includes costs 
of depreciation, insurance, interest, overhead, and taxes. Depreciation was calculated using the 
straight-line method over the estimated service life of the assets. Depreciation is a non-cash deduction 
that occurs in the financial (profit and loss) report. Different equipment in feed production depreciates 
at different rates, and there are different methods of calculating depreciation. In this study, depreciation 
was calculated using the straight-line method over the estimated life services of the assets equation 
(1) for simplicity.  
Straight line depreciation = A * (PP – SV) / estimated useful life 1 
Where A is the assets, PP is the purchased price and SV is the salvage value 
Since assets cost increases with increased capital investment, thus, depreciation values increased as 
production rate increased. The annual depreciation calculated in this study were $2234.45, $2323.38, 
and $3057.0833 for the production output of 10ton/y, 100ton/y, 1000ton/y respectively, as shown in 
figure 2.  
Insurance and Interest Costs  
Insurance was calculated by multiplying 0.00462 (Davis et al., 2011) with the sum of initial equipment 
costs and building cost, insurance costs are proportional with the production rate, as rate increased 
from 10 tons/y to 1000 tons/y, insurance also increased from $134.65/y to $184.22/y. Interest costs 
were related to capital investments. In this study, a 5% interest rate was used. The costs were 
determined by equation (2). 
 Interest ($y) =  
𝐼
100
 ∗ (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡𝑠 + 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡)  2  
Where I = interest rate (5%)  
Overhead and tax costs  
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Like other variable costs, overhead, and taxes increased as the capacity increased. Overhead was 
calculated by multiplying the production rate by 0.16 (Rosentrater, 2013). Taxes were also calculated 
as 0.35% (Rosentrater, 2013) of the total capital costs. The total annualized fixed cost decreased as 
production rate increased as shown in Figure 2. This result is similar to that obtained by Rashid et al. 
(2014). 
Variable Costs  
The annual variable costs of feed processing plant include the costs associated with labor, utilities, 
ingredients, maintenance and repair, and other facilities cost required for daily operation (Suleiman et 
al., 2014). The variable costs calculated were $68939.90, $149693.0, $318667.33 for the production 
output of 10ton/y, 100ton/y, 1000ton/y respectively as shown in Figure 3. Variable costs had the 
greatest impact on the total operational cost in all three scenarios. It was 69.16%, 80.39% and 88.34% 
for 10ton/y, 100ton/y, 1000ton/y respectively. This was similar to what was obtained by Rashid et al 
(2014). The cost of ingredients, labor, utilities, maintenance and repair and other facilities cost 
increases as the production rate increases, this explains why the percentage of variable cost to total 
cost is 88.34% for the 1000ton/y production rate as compared to the percentage for the 10ton/y and 
100ton/y. 
Labor  
The cost of labor was calculated based upon the estimated number of workers, total annual operational 
hours (2000hours) and estimated wages per hour. Total annualized labor cost required to produce 
1ton of extruded aquafeed for scenarios I, II and III was $86.49 /year.  
Utility Costs  
The utility used in this study was electricity and water. The results show that the costs of utility 
increased as the production rate increased. Electricity cost is important in feed manufacturing; it 
includes costs for lighting and powered machinery such as extruders, mills, and conveyors. 
Ingredients Costs  
Feeds ingredient costs were determined based on different supplier’ prices of materials per metric ton. 
A complete list of ingredients used in this study is shown in Table 1. As expected the annual costs of 
materials increased as production rate increased.  
Maintenance and repair costs  
The maintenance costs were determined as 3% of the capital investment costs. Other variable costs 
are shown in Table 2. 
Total Annualized Costs 
Total cost including capital costs, variable costs, and fixed costs. The total annualized costs increased 
as the production rate increased, as shown in Figure 4. The annualized unit costs were 9968.32 
$/tons/y, 1862.05 $/tons/y, and 360.7277 $/tons/y for the production output of 10ton/y, 100ton/y, 
1000ton/y respectively as shown in Figure 5. According to Marouli and Maroulis, (2005) the key factor 
to reduce costs is to increase the size of the plant. The unit cost of production decreased as the 
production rate increases. Rashid et al., had a similar trend as the production increased from 
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50ton/year to 5000ton/year.   
Life-Cycle Assessment 
The system boundary of this study is shown in Figure 6. According to LCA key data, for Iowa state 
1MW-h emits 0.875kg CO2; this was used for calculating CO2 emission for this study. For this LCA, the 
emission of CO2 was calculated using the total electricity consumption for the three capacities 
(10ton/year, 100ton/year and 1000ton/year) 127077 kW-h/y, 132367kW-h/y, and 205933.33kW-h/y 
respectively, as shown in Figure 7. Increase in CO2 emission was observed as the rate of production 
increased, as shown in Figure 8. 
Conclusion 
Declination of world fish capture has provided an open market for aquatic feeds and various 
opportunities for the aquaculture sectors. The LCA spotted increase in CO2 emission as the required 
output increased because there was an increase in energy consumption. The annual cost of operation 
of operation increases as the expected output increased, but the unit cost decreased with increasing 
production. The system boundary for this study was restricted, therefore the need for further work on 
TEA and LCA of aquafeed production with broader system boundary.  
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Figure 1. Annualized capital costs as determined by TEA 
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Figure 2. Annualized Fixed cost as determined be TEA 
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Figure 3.  Annualized variable cost as determined by TEA 
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Figure 4. Annualized total cost as determined be TEA 
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Figure 5. Annualized unit cost 
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      Figure 6.  System boundary for the LCA 
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Figure 7. Annualized electricity consumption 
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Figure 8. Annualized CO2 emission as determined by LCA 
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Table 1. Feed ingredient, composition and cost 
Ingredient 
Total 
mass  
inclusion 
level  
Material  
cost  Scenarios ($/y) 
 (ton) (%) ($/ton) I II III 
Menhaden Fishmeal 0.002 20 800 1600 16000 160000 
Soybean Meal 0.002 20 800 1600 16000 160000 
Blood Meal 0.0005 5 450 225 2250 22500 
Wheat Bran 0.00122 12.2 180 219.6 2196 21960 
Corn Gluten Meal 0.0025 25 750 1875 18750 187500 
Fish Oil 0.0011 11 720 792 7920 79200 
Hydrogenated Soybean Oil 0 0 0 0 0 0 
Hydrogenated Soybean Lecithin 0.0001 1 550 55 550 5500 
18:2n-6 ethyl ester 0 0 0 0 0 0 
20:4-6 ethyl ester 0 0 0 0 0 0 
18:3n-3 ethyl ester 0 0 0 0 0 0 
20:5n-3 ethyl ester 0 0 0 0 0 0 
22:6n-3 ethyl ester 0 0 0 0 0 0 
Corn starch 0.00038 3.8 550 209 2090 20900 
Stay-C 0.000005 0.05 500 2.5 25 250 
Vitamin premix 0.000095 0.95 800 76 760 7600 
Mineral Premix 0.0001 1 500 50 500 5000 
Total mass per diet 0.01 100  6704.1 67041 670410 
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Table 2. Variable costs as determined by TEA 
   Variable costs ($/ton/y) 
Electricity  0.07 
Water   0.02 
Raw ingredients  670.41 
Maintenance and repairs 3 
Miscellaneous supplies 1 
Others   0.25 
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Table 3. General processing assumption used to model extrusion 
 
             General Assumptions      
Yearly operation hour    2000 hrs    
Equipment service life   15 years     
Electricity 
use    Lighting and motor power  
Electricity use efficiency   Motor reductions of 75%  
1hp is equivalent to 746W/h (0.746kW/h)     
CO2 emission as a result of electricity generation     
The building was already in place      
No emission due to knot occurred in the equipment    
The system boundary for LCA does not include the transportation or emissions from freight 
1MW-h emits 0.875kg CO2                                              For Iowa state, according to LCA  Key data 
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Table 4. Process production scenario used to model extrusion 
     Scenarios  
    I II III 
Yearly output - tons/y  10 100 1000 
Interest rate (I)   5% 5% 5% 
Daily operation hours (OH) - h/day 8 8 8 
Operation hours (OH) - h/y  2000 2000 2000 
 
 
